Chronic exposure to cocaine causes long-lasting behavioral changes associated with cocaine reinforcement and addiction. An important neural substrate for cocaine addiction is the nucleus accumbens (NAc), which receives dopaminergic input from the ventral tegmental area. Although the neural circuit of the NAc is controlled by several other neurotransmitters, their involvement in cocaine addiction remains elusive. In this investigation, we ablated cholinergic interneurons from the adult NAc with immunotoxinmediated cell targeting and examined the role of acetylcholine transmitter in adaptive behavioral changes associated with cocaine reinforcement and addiction. Acute exposure to cocaine induced abnormal rotation in unilaterally cholinergic cell-eliminated mice. This abnormal turning was enhanced by repeated exposure of cocaine. In bilaterally cholinergic cell-eliminated mice, chronic cocaine administration induced a prominent and progressive increase in locomotor activity. Moreover, these mice showed robust conditioned place preference with a lower dose of cocaine, compared with wild-type littermates. This investigation demonstrates that acetylcholine in the NAc plays a key role in both acute and chronic actions of cocaine.
T
he mesolimbic dopaminergic system serves as a vital and fundamental role in behavioral adaptations that occur with repeated cocaine exposure (1) (2) (3) (4) . The mesolimbic dopaminergic pathway originates in the ventral tegmental area and projects to the nucleus accumbens (NAc), the ventral part of the striatum, as well as other brain regions (5, 6) . Numerous studies have indicated that the NAc is a key neural substrate that is implicated in cocaine reinforcement and addiction (2) (3) (4) . Cocaine blocks the activity of dopamine transporters and increases dopamine levels in the NAc (7) . The predominant actions of dopamine in the NAc lead to neural adaptation that underlies reinforcement and addiction of cocaine (2, 3, 8) . The neural circuit of the NAc, however, is controlled by several other neurotransmitters (3) (4) (5) . Acetylcholine (ACh) is released from cholinergic interneurons within the NAc (5, 9) and acts concertedly but oppositely to dopamine on the NAc neural circuit (10) (11) (12) . However, little is known about the involvement of ACh in acute and chronic actions of cocaine.
Cell ablation using the immunotoxin-mediated cell targeting technology is useful for selectively eliminating specific neuronal cells in the adult neural network (13) (14) (15) (16) . In this technology, transgenic mice are generated, in which human IL-2 receptor ␣-subunit (hIL-2R␣) fused in-frame to the jellyfish green fluorescent protein (GFP) is expressed under control of a neuronspecific promoter. hIL-2R␣͞GFP-expressing neuronal cells are then ablated by injecting the recombinant immunotoxin (IT) that is composed of the specific hIL-2R␣ antibody fused to a bacterial toxin (13) . In this investigation, we have applied IT-mediated cell targeting to eliminate cholinergic neurons from the adult NAc and have examined the role of ACh in acute and chronic actions of cocaine. Here, we report that elimination of cholinergic cells in living adult NAc markedly enhances sensitivity to cocaine in both acute and long-lasting behavioral changes associated with cocaine addiction.
Materials and Methods
Animals and IT Treatment. The IG17 line of heterozygous transgenic mice and their wild-type littermates (14) were deeply anesthetized with sodium pentobarbital at the ages of 9-13 weeks. A glass needle was introduced into one or both sides of the NAc with stereotaxic techniques. The anti-Tac(Fv)-PE38 IT (10 ng in 0.5 l of PBS) was injected over 3 min as described (15) . An injection coordinate was according to the atlas of Franklin and Paxinos (17) using the bregma as a reference: anterior ϩ 1.5 mm, lateral ϩ or Ϫ0.8 mm and ventral ϩ 3.5 mm. All procedures were performed according to the guidelines of the Kyoto University Faculty of Medicine.
Immunostaining Analysis. Two weeks after IT injection into the left NAc, mice were deeply anesthetized with diethylether and perfused with 0.01 M PBS, followed by 4% paraformaldehyde fixation. Coronal sections of 40-m thickness were prepared as free-floating sections. Immunostaining was performed as described (18) . The primary antibodies were obtained from the following sources and diluted as indicated in parentheses: mouse mAbs against choline acetyltransferase (ChAT) (1:100; Biogenesis, Poole, U.K.), calbindin D-28k (1:5,000; Swant, Bellinzona, Switzerland), and parvalbumin (1:1,000; Sigma), rabbit polyclonal antibodies against tyrosine hydroxylase (1:60; Chemicon) and preprotachykinin (1:100; a gift from T. Kaneko, Kyoto University), and guinea pig polyclonal preproenkephalin antibody (1:30; a gift from T. Kaneko) . Immunoreactive cells at the IT-injected and uninjected sides of the NAc and the dorsal striatum were counted from three sections of transgenic and wild-type mice. Tyrosine hydroxylase immunoreactivity was assessed by measuring its optical density.
Turning Behavior. Rotations were counted for a 5-min period by visual observation as described (15) . One rotation was defined by the animal completing a 360°circle without turning back to the opposite direction. Apomorphine-HCl (1 mg͞kg; Research Biochemicals, Natick, MA͞Sigma) and different doses of cocaine (Takeda, Osaka) were injected 15 min before measuring rotations.
Locomotor Activity. Locomotor activity was assessed for a 10-min period with an infrared activity monitor (Coulbourn Instruments, Allentown, PA) as described (19) .
Abbreviations: NAc, nucleus accumbens; ACh, acetylcholine; hIL-2R␣, human IL-2 receptor ␣-subunit; IT, immunotoxin; ChAT, choline acetyltransferase; CPP, conditioned place preference.
Conditioned Place Preference (CPP).
The CPP test was carried out in a three-chamber apparatus consisting of a small middle chamber that connected the two large side chambers (MED Associates, St. Albans, VT). The two large chambers differed in floor and wall conditions. At day 0, mice were allowed to move freely in the three chambers for 30 min. At days 1-3, mice were confined to one large chamber for 20 min immediately after they had received saline. Four hours later, they received cocaine and were confined to the other side chamber for 20 min. At day 4, mice were placed in the middle chamber and allowed to move freely in the three chambers for 30 min.
Statistical Analysis. Immunostaining data were analyzed by Student's t test. Behavioral data were subjected to ANOVA, and posthoc comparisons were made with Scheffé test.
Results and Discussion
To study the role of ACh in acute and chronic actions of cocaine, we used transgenic mice that were previously generated with use of the mGluR2 promoter and the hIL-2R␣͞green fluorescent protein (GFP) fusion protein (14) . In these transgenic mice, hIL-2R␣͞GFP was selectively expressed in cholinergic cells throughout the striatum including the NAc (15) . To ablate cholinergic cells from the adult NAc, IT was stereotaxically injected into a single site of the NAc. ChAT immunostaining of serially dissected sections of the striatum showed that more than 70% of ChAT-positive neurons were eliminated from the NAc 2 weeks after IT injection (Fig. 1) . No such reduction was observed in the dorsal striatum adjacent to the NAc of IT-treated transgenic mice, nor in the NAc of IT-treated wild-type mice (Fig. 1C) . In addition, no abnormality of other NAc neurons occurred after IT treatment of transgenic mice, as evidenced by immunostaining of cell-specific markers; numbers of immunoreactive cells at the IT-injected side, relative to those at the IT-uninjected side, were as follows: calbindin D-28k (striatonigral and striatopallidal neurons, 95.6 Ϯ 4.3%), preprotachykinin (striatonigral neurons, 101.9 Ϯ 9.3%), preproenkephalin (striatopallidal neurons, 97.7 Ϯ 9.1%), tyrosine hydroxylase (nigrostriatal neurons, 95.3 Ϯ 5.2%), and parvalbumin (a subpopulation of interneurons, 97.5 Ϯ 10.6%). The results indicate that a single injection of IT selectively eliminated cholinergic interneurons within the NAc of transgenic mice.
Our previous study showed that elimination of striatal cholinergic cells significantly reduced intrastriatal ACh levels without affecting dopamine levels and perturbed a convergent action of dopamine and ACh in the striatal circuit (15) . We first examined whether ablation restricted to cholinergic cells in the NAc impairs the dynamic balance of motor movement. When cholinergic cells were eliminated at one side of the NAc, these mice showed abnormal contralateral rotation on a hemispherical container at day 3 and then a recovery at day 14 ( Fig. 2) . Furthermore, similar to animals with unilateral cholinergic cell elimination at whole ranges of the striatum (15), excess stimulation of dopamine by s.c. injection of the dopamine agonist apomorphine induced contralateral rotation at day 14 after NAc cholinergic cell elimination (Fig. 2) . We then examined acute effects of i.p. cocaine injection on motor balance at day 14 after unilateral cholinergic cell elimination at the NAc (Fig. 2) . Three different doses of cocaine all induced contralateral rotation at the chronic phase of cholinergic cell-eliminated mice (Fig. 2) . IT-treated wild-type mice never showed contralateral or ipsilateral rotation at the acute phase or after cocaine administration at the chronic phase (Fig. 2) . The results indicate that cholinergic cells in the NAc are critical for controlling motor balance and that the adaptive recovery after persistent cell elimination is disturbed by cocaine administration. The addictive potential of cocaine has been related to its tendency to evoke a progressive increase in locomotor activity in rodents, called locomotor sensitization (20, 21) . We assessed whether elimination of cholinergic cells at the NAc affects locomotor sensitization with repeated cocaine administration. IT was injected at a single site of both sides of the NAc, and locomotor activity was measured 2 weeks after IT injection. IT-treated transgenic and wild-type mice, when placed in a new chamber, showed a high initial locomotion and its subsequent habituation but with no statistical difference in these locomotor responses (data not shown). Remarkably, cholinergic celleliminated mice exhibited a striking increase in locomotor responses as compared with wild-type mice not only at initial cocaine exposure but also throughout the course of repeated cocaine administration (Fig. 3 A and B) . The enhanced locomotor activity seemed to be manifested more in response to a low dose (5 mg͞kg) (Fig. 3A) than to higher doses (10 mg͞kg and 20 mg͞kg) of cocaine administration (Fig. 3B and data not shown) .
Repeated cocaine exposure results in a distinct response, termed conditioned locomotor activity, which is elicited by association with a cocaine-injecting environment (21, 22) . To test this response, animals were conditioned with repeated cocaine administration and then examined for locomotor activity in the cocaine-injecting chamber by saline injection. Both cholinergic cell-eliminated and wild-type mice showed a conditioned locomotor activity but with no difference between groups (Fig. 3 A and B) . This finding suggests that the cocaine-induced locomotor abnormality in cholinerigic celleliminated mice was not caused primarily by changes in sensory, motivational, or motor functions (2).
We also examined whether an abnormal contralateral turning is sensitized by repeated cocaine exposure in unilaterally cholinergic cell-eliminated mice. Repeated administration with three different doses of cocaine all showed a progressive increase in contralateral rotation in mutant mice (Fig. 3C) . In contrast, abnormal turning was never seen at any stages of cocaine administration in IT-treated wild-type mice (data not shown). The two different paradigms of behavioral sensitization provide strong evidence that ACh greatly contributes to cocaine reinforcement at the NAc circuit.
Cocaine can establish preference for an environment associated with repeated cocaine exposure. The CPP paradigm serves as a model of rewarding and abusive effects of repeated cocaine administration (23) . Animals were conditioned with repeated cocaine administration in one of two chambers that differed visually and texturally (Fig. 4) . Before conditioning, both ITtreated wild-type and transgenic mice visited the two chambers Fig. 3 . Enhanced sensitization to cocaine in IT-treated transgenic mice. (A and B) Transgenic and wild-type mice 2 weeks after bilateral IT injection into the NAc received, by i.p., saline once a day and were then habituated in a novel chamber for 3 days. Doses of 5 mg͞kg (n ϭ 8 -10) and 10 mg͞kg (n ϭ 13-19) of cocaine were i.p. injected once a day from day 1 to day 6, and immediately after cocaine injection, locomotor activity was counted for a 10-min period. Data points and bars represent mean Ϯ SEM, respectively. Repeated measure ANOVA shows that IT-treated transgenic mice maintained a higher locomotor activity with repeated cocaine injection (A, F 1,16 ϭ 8.73, P Ͻ 0.01; B, F1,30 ϭ 8.42, P Ͻ 0.01); ** , P Ͻ 0.01 and * , P Ͻ 0.05, significantly different on each day. At day 7, locomotor activity immediately after saline injection was counted. The activity of both groups at day 7 significantly increased as compared with their activity at day 0 (#, P Ͻ 0.01). No difference was observed between the two groups at day 7. (C) Two weeks after IT injection into one side of the NAc, numbers of rotation were counted for a 5-min period after cocaine administration at days 1-3 (n ϭ 5-8). Columns and error bars represent mean Ϯ SEM, respectively. Repeated measure ANOVA shows that IT-treated transgenic mice progressively increased abnormal rotation at all three doses of cocaine administration (F 2,36 ϭ 16.7, P Ͻ 0.01). IT-injected wild-type mice never showed abnormal rotation. Fig. 4 . Effect of cholinergic cell elimination on cocaine-induced CPP. CPP developed by repeated cocaine administration was analyzed in animals 2 weeks after bilateral IT injection into the NAc (n ϭ 8 -14). Before and after conditioning was performed with indicated doses of i.p. cocaine injection for 3 days; the time difference was calculated by subtracting time mice spent in the saline-paired side from time they spent in the cocaine-paired side. Columns and error bars represent mean Ϯ SEM, respectively. Cholinergic celleliminated transgenic mice spent significantly more time in the cocaine-paired side after conditioning with 5 mg͞kg and 10 mg͞kg of cocaine ( ** , P Ͻ 0.01).
with no preference. After conditioning with repeated cocaine exposure for 3 days, both groups exhibited CPP. However, cholinergic cell-eliminated mice showed a dramatic enhancement in CPP to low doses of cocaine (5 mg͞kg and 10 mg͞kg). A high dose of cocaine (20 mg͞kg) showed equivalent CPP in the two groups of animals. The results indicate that ACh in the NAc plays an important role in the rewarding and addictive effects of repeated cocaine exposure.
Previous pharmacological studies failed to indicate the role of ACh in cocaine actions because of its global effects on many other brain regions such as the cerebral cortex and hippocampus (23) (24) (25) . The present investigation has provided compelling evidence that ACh from cholinergic neurons plays a pivotal role in neural responses and adaptation that underlie cocaine reinforcement and addiction. Cholinergic interneurons represent only a few percent of the NAc neuronal population (26) . Therefore, it is striking that elimination of these cells confers a profound effect on both acute actions of cocaine and long-lasting behavioral changes associated with cocaine addiction. Importantly, cholinergic neurons possess highly radiating dendritic trees and a dense plexus of axonal branches (9, 27) . Therefore, these cells fill the NAc and provide a rich innervation to medium-sized spiny neurons. In the striatum, ACh and dopamine convergently but antagonistically regulate the activity of principal medium-sized spiny neurons (15) . The most straightforward interpretation of this investigation is that depletion of ACh by cholinergic cell elimination fortifies cocaine-induced dopamine actions. This predominance of dopamine actions in the NAc is thought to be responsible for cocaine reinforcement and addiction. More specifically, cholinergic cells frequently produce spontaneous firing and can tonically modulate principal spiny neurons (28) . ACh from cholinergic neurons thus contributes to homeostatic regulation in the mesolimbic dopaminergic pathway.
Because the NAc is a key neural substrate for many categories of drugs that are abused (2-4), cholinergic cell-eliminated mice may respond more to other addictive drugs. Furthermore, all available pharmacological treatments for drug addiction are ineffective in most cases of drugs of abuse. The cholinergic cell-eliminated mice will serve as an animal model not only for an understanding of the cellular basis of drug addiction but also for development of a medical treatment of patients who abuse drugs.
